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Abstract A combined simulation optimization model was
developed to derive optimal operational policies for a multi-
objective reservoir in a semiarid environment. Stochastic
dynamic programmingwas selected as the optimization tech-
nique. Different scenarios were considered to optimize the
current operational policy as well as different possible future
uses of the reservoir. The first scenario was used to maximize
hydropower production within the framework of the cur-
rent operational policy. Other scenarios were used to address
multiple objective operation of the reservoir including hydro-
power, agricultural, and domestic uses. Generated policies
for all the scenarios were simulated in real time using histor-
ical inflow data for the Qar’awn reservoir within the Litani
Basin in Lebanon. Sensitivity analysis on number of inflow
classeswasperformed.Results showed that the newlyderived
policies decrease failure by a range of threefold to sixfold
and improve hydropower production bymore than 15%. The
model was able to derive policies that decreased system fail-
ure and shortages to less than 10%. Best inflow classes were
found to be in the range of 3–5.

Keywords Simulation optimization · Stochastic ·
Reservoirs · Inflow classes · Operation policies · Litani
1 Introduction

Inefficient reservoir operation is one of the major causes of
water systems failure. While several models for reservoir
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operation optimization exist [1], actual reservoir operation
using programming models is uncommon within developing
countries. Application of such models to real reservoir prob-
lems is challenging, especially in arid and semiarid zones
characterized by high climate variability. Examples of exist-
ing methods include linear programming (LP), dynamic pro-
gramming (DP), and incrementalDPwith successive approx-
imations (IDPSA), stochastic DP, differential DP (DDP),
nonlinear programming (NLP), and simulation. Recently,
sampling stochastic dynamic programming (SSDP) has been
introducedbyKelman et al. [2]. Sampling stochastic dynamic
programming (SSDP) is based on using multiple historical
streamflow time series as scenarios to capture the variability
of streamflow processes. Faber and Stedinger [3], Kim et al.
[4], and Côté et al. [5] focused on better descriptions of the
joint distribution of flows and forecasts using sampling SDP.

Fuzzy SDP is based on membership functions that aim
at capturing capture water user’s and manager’s preferences.
For more details the reader is referred to Tilmant et al. [6],
Mousavi et al. [7], andMousavi et al. [8,9]. Moeini et al. [10]
used a fuzzy rule-based model that presents a set of suitable
operating rules for release from the reservoir based on ideal or
target storage levels. The steps involved in the development of
the model include construction of membership functions for
the inflow, storage and the release, formulation of fuzzy rules,
implication, aggregation, and de-fuzzification. Performance
of fuzzySDPand explicit SDP is similar in all but caseswhere
flood control is an objective, inwhich fuzzySDPoutperforms
explicit SDP.

Comparisons of models have been performed widely.
Anvari et al. [11] tested four optimization models includ-
ing DP, SDP with inflow classification, SDP with inflow
scenarios, and SSDP with historical scenarios, on a multi-
purpose water reservoir system. The performance of SSDP
was assessed using ensemble streamflow predictions (ESPs)
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generated using artificial neural network (ANN). The evalu-
ation was made on the release policies in a simulation phase.
The SSDP model was found promising for real-time reser-
voir operation. Celeste et al. [12] investigated the perfor-
mance of seven stochastic models used to define optimal
reservoir operating policies. Themodels are based on implicit
(ISO) and explicit stochastic optimization (ESO) as well
as on the parameterization–simulation–optimization (PSO)
approach. The ISOmodels includemultiple regressions, two-
dimensional surface modeling, and a neuro-fuzzy strategy.
The ESO model is the well- known and widely used sto-
chastic dynamic programming (SDP) technique. The PSO
models comprise a variant of the standard operating policy
(SOP), reservoir zoning, and a two-dimensional hedging rule.
The models are applied to the operation of a single reservoir
damming an intermittent river in northeastern Brazil. The
standard operating policy is also included in the compari-
son and operational results provided by deterministic PSO
models performed better than SDP and the SOP.

The effect of inflow classes on policies is rarely discussed
in the literature. The selection of number of classes still
depends on researcher, the reservoir size, and the compu-
tational power available [13]. In their comparison between
policies derived from SDP and genetic algorithm (GA) mod-
els, Jothiprakash and Shanthi [13] changed the state vari-
ables (namely storage and inflow) from 3 to 9 representative
classes. They found that a low discretization (3–5 classes)
leads to trapping and high discretization decreases the short-
age in the simulation. They criticize the time taken to per-
form SDP when using large number of classes. However,
they did not focus on inflow classification. Davidsen et al.
[14] assigned to each monthly discharge one of three inflow
classes (dry, normal, andwet) in their study to optimizewater
resources management in Ziya River Basin in China using
SDP. The inflows were classified using monthly 0, 20, 80,
and 100th percentiles.

In the Arab World, reservoir operation using SDP models
is uncommon. One reason could be the complexity of such
models in the eyes of the operator and/or decision maker. In
this research, an explicit SDP model coupled with a simula-
tion model is used to optimize the multi-objective operation
of the Qar’awn reservoir within the Litani River Basin in
Lebanon. The model is based on lag-1 Markov chain prob-
abilities derived from synthetically generated flows of the
river. The objectives of this work are to (1) assess the present
situation of the Qar’awn reservoir operation with respect to
hydropower production and reliability; (2) to develop a sto-
chastic dynamic programming model that will generate a
set of optimal operational policies for the multiple objective
operation of the reservoir in order to maximize hydropower
production and to meet the irrigation and the domestic water
demands within the system constraints; (3) to test the per-
formance of all generated policies by simulating them in

real-time conditions; and (4) to compare the benefits obtained
from different operational alternatives under various inflow
classes. The focus is on the effect of inflow class number and
method of derivation selection on the operational policies
and their performance.

2 Study Area

The Litani River, or Leontes, rises South of Baalbak in North
Beqaa and flows 161km to reach theMediterranean Sea 9km
North to Tyr in South Lebanon (Fig. 1). The average precip-
itation per year over the river basin area (2168 km2) sums up
to 1665MCM (770mm). The river has been characterized by
having high potential for irrigation and energy production. In
order to use this potential of the river, the Lebanese govern-
ment has been working on the development and implemen-
tation of the famous Litani Project since the mid-1950s [15].

TheLitaniAuthority, establishedby theLebaneseGovern-
ment in 1954, is responsible for the management, operation,
and maintenance of the Qar’awn reservoir that was con-
structed in 1965. Currently, the reservoir releases are done
with a main purpose of trying to meet the energy demands of
“Electricité du Liban” (EDL), the exclusive electrical power
supplier in Lebanon. These releases are made independent
of possible inflow. Consequently, in cases where a suggested
release exceeds the available storage or the demand exceeds
the fixed release, shortage conditions do exist. This means
that the current operational policy of the reservoir neither
aims at maximizing energy production nor takes risk into
consideration. Moreover, in the original plans of the Litani
Project, the reservoirwas designed as amulti-purpose facility
that would be eventually used to produce hydropower and to
supplywater for irrigation and domestic demands. Therefore,
it is crucial to develop a long-termmulti-objective policy that
will satisfy these purposes, i.e., supporting the implementa-
tion of all stages of the Litani Project. The Litani Project
has been divided into several phases and subprojects. Some
of these phases have been implemented, and some are still
under planning or implementation. Among the phases that
have been implemented are:

– The Qasmieh-Ras El-Ain Irrigation Project that was ini-
tiated in 1946 with a main canal length of 60km. The
project was designed to irrigate 4000ha along the coastal
area between Saida and Tyr area in South Lebanon.

– The Qar’awn reservoir that was constructed in the period
1962–1965 and has been in operation for hydropower pro-
duction since that time. The reservoir, which has a maxi-
mum storage capacity of 222.8MCM, is located in South
Beqaa area close to the eastern foothills of NihaMountain.
The average annual inflow through the reservoir is about
310MCM between November and April and 60MCM the
rest of the year.
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Fig. 1 Litani River Basin and
Qar’awn Dam (Upper Litani
Basin)

Two major irrigation projects in the command areas of the
Qar’awn reservoir are currently under study or implementa-
tion:

– The South Beqaa Irrigation Project aims at irrigating a
total of 23,000 ha in the South Beqaa. Two phases of
the project are currently under study: phase one includes
irrigating 2000ha (under implementation) and phase two
serves 6700ha (under study).

– The South Lebanon Irrigation Project, which is currently
under study, is planned to irrigate 15,000ha from a canal
to be constructed at 800m ASL.

Other major components of the Litani Project that are cur-
rently under study (not described herein) are not included in

the optimization process. Despite the numerous reports and
studies by several authorities and agencies, the Litani River
Basin, none of those tend to address the optimal operation
of the reservoir. There is currently no operational policy for
this reservoir that utilizes optimization techniques.

3 Methodology

A stochastic dynamic programming model was developed to
generate optimum operational policies that would maximize
the benefits from the Qar’awn reservoir. Various scenarios
are tested to optimize the multiple objective operation of the
reservoir for supplying irrigation water, domestic water, and
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hydropower that is planned for future use. The model was
validated by testing the performance of the generated oper-
ating rules within a simulation model using different inflow
records generated from historic data. The current operational
policy of the reservoir was also simulated and compared to a
generated short-term policy that optimizes hydropower pro-
duction from the reservoir.

3.1 Current Qar’awn Reservoir Operation

In the original plans, the reservoir was designed as a multi-
purpose facility to supply water for irrigation, domestic use,
and hydropower production. However, since the irrigation
projects of the command area are not implemented yet, the
reservoir is operated exclusively for hydropower. The cur-
rent operational policy of the reservoir is to release water
to meet the highly variable demand of EDL during peak
hours of power consumption. EDL mainly depends on ther-
mally generated energy, and it uses the Hydropower System
at Qar’awn only as a supplemental source of energy. There-
fore, the release does not depend on current reservoir storage
or the preceding inflow.

A long-term optimal policy is herein developed to address
the multi-objective operation after the implementation of all
phases and components of the Litani Project.

3.2 Hydropower Production

Hydropower within the Litani Project is produced at three
power plants. The first power plant downstream to the

Qar’awn reservoir is the one at Markaba (Abed El-Al power
plant). It consists of two turbines with a total capacity of
34MW. According to Mdallal [16] this plant uses an average
of 265MCM annually to produce 115MkWh in a moder-
ately wet year. The other two power plants are both located
at Awali River downstream to Markaba plant. These power
plants are the Awali (Paul Arcache) power plant (108MW)
and Joun (Charles El Helou) power plant (48MW). There-
fore, the three power plants have a total capacity of 192MW.
This is about two-thirds of the total hydropower produced
in Lebanon. In this study, hydropower production from the
Markaba power plant is maximized. Maximization of
hydropower produced from the two other power plants was
not sought in this study.

3.3 Data Collection and Processing

3.3.1 Hydrologic Data

Daily records of inflows, releases, and reservoir storages for
the period of record 1966–1996 for the Qar’awn reservoir
were available. Additionally, inflows were available for the
period 1932–1965. These data were converted to monthly
values to be compatible with the developed simulationmodel
that works with a monthly time step. Figure 2 shows the
time series of the monthly inflows into the reservoir. The
average annual flow of the river at the Qar’awn according
to the above data is 358MCM, with a standard deviation of

Fig. 2 Time series of the monthly inflows into the reservoir
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174MCM. The annual flow is highly correlated with Central
Beqaa Rainfall (r2 = 0.75).

Monthly evaporation was calculated from average cli-
matic data using the Penman method. The average
monthly evaporation depth from the reservoir surface was
calculated and used in the simulation of the system through-
out the optimization horizon. The procedure stated in [17]
was followed in these calculations.

3.3.2 Area–Head–Storage Relationships

The head–storage curve for the reservoir is best fit by the
below quadratic equation derived from available data:

H = −0.0003 × S2 + 0.2107 × S + 827.73

for 30 ≤ S ≤ 222.8

r2 = 0.99 (1)

where H and S are the elevation of water from sea level
(m) and the storage level in the reservoir (MCM), respec-
tively. This relationship was used in the calculations of the
evaporation rate and the objective function of the optimiza-
tion model. Head–area relationship was also derived from
determining the different areas at different elevations using
satellite imagery and topographic surveys. The following
area–head relation was derived through linear regression:

A = 23.925H − 19532

for 820 ≤ H ≤ 860 (m)

r2 = 0.99 (2)

where A is the surface area (ha). The surface area at the
beginning and the end of the time step was calculated as a
function of the storage usingEqs. (1) and (2), simultaneously.

3.3.3 Water Demand

Within the current operation of the Qar’awn reservoir water
is used mainly for hydropower production. Irrigation water
supply from the reservoir is currently limited to some minor
diversions of water to the main stream of the Litani River
directly downstream toMarkabapower plant.However,when
all phases of the project are implemented, water supply from
the reservoir will serve two major command areas in South
Beqaa and South Lebanon. The South Beqaa water supply
will be used solely for irrigation, while that of South Lebanon
will be used for irrigation aswell as domestic purposes.Water
demand for South Beqaa Irrigation Project from the reservoir
is about 30MCM/year. The South Lebanon Irrigation Project
is still currently under study. Detailed information about
future cropping patterns and monthly distribution of gross

irrigation water demand for the project is currently unavail-
able. However, different studies were conducted in the past
to determine the irrigation requirements and the annual vol-
ume of water that should be allocated to the South Lebanon
Irrigation Project. A study conducted by UNDP-FAO esti-
mated the total annual volumeneeded to be allocated from the
Qar’awn reservoir to South Lebanon Irrigation Project at 89
MCM excluding the Qasmieh Irrigation Project. CADRES
reported the allocation of 5.8MCM/year from the Qar’awn
reservoir for the Qasmieh Irrigation Project. Therefore, the
total annual demand of both projects equals to 94.8MCM.
To obtain the monthly distribution of this demand, the same
distribution pattern of neighboring South Beqaa Irrigation
Project area was followed in South Lebanon.

Nodiversions for domesticwater supply from theQar’awn
reservoir have been reported so far. However, it is planned to
allocate about 17 MCM/year from the reservoir storage for
domestic use in theNabatiye region (South Lebanon) equally
distributed over the year.

Table 1 shows the monthly water demands (irrigation and
domestic) of both command areas in South Beqaa and South
Lebanon.

3.4 Model Formulation

3.4.1 Recursive Equation

The stochastic dynamic programming model used in this
work is a backward-moving algorithm. The monthly inflow
into the reservoir is considered as afirst-orderMarkovprocess.
The transition probabilities of different inflow classes were
calculated from synthetically generated data. The general
form of the recursive equation that is optimized in the model
is the following (17):

f ut (St , Ii t ) = maxSt+1

{ ∑
j

Pt+1
i j [Bt (St , I j t, Rt )

+ f u−1
t+1 (St+1, I j t+1)]

}
(3)

where Bt (St , I j t , Rt ) is the value of the system performance
(return function) in period t pertaining to an initial storage
St , an inflow It of state (class) j , and a release decision
Rt . Bt can be a function of hydropower production, water
demand shortage, or both. f ut (St , Ii t ) is the expected value
of the objective function of the problem; t is the monthly
time stage, within one year period; u is the total number of
periods considered up to the current stage; St is the storage at
the beginning of stage t ; Ii and I j are inflowvariables at stage
t of states i and j , respectively; Pt+1

i j term is the transitional
inflow probability specifying the conditional probability that
the current discrete inflow class in period t is at state j , given
that the previous inflow in period t + 1 is at state i .
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Table 1 Monthly water demand
allocated from Qar’awn
reservoir (MCM)

Month South Beqaa Qasmieh South
Lebanon

Total irrigation
demand

Domestic
demand

Total demand

January 0 0 0 0 1.42 1.42

February 0 0 0 0 1.42 1.42

March 0 0 0 0 1.42 1.45

April 2 0.4 6 8.4 1.42 9.8

May 4.3 0.8 12.7 17.7 1.42 19.16

June 3.6 0.7 10.8 15.1 1.42 16.56

July 5.4 1 15.9 22.3 1.42 23.75

August 6.5 1.3 19.4 27.1 1.42 28.56

September 6.1 1.2 18.1 25.4 1.42 26.82

October 2 0.4 6 8.4 1.42 9.87

November 0 0 0.1 0.2 1.42 1.57

December 0 0 0 0 1.42 1.42

Total 30 5.8 89 124.8 17 141.8

3.4.2 Recursive Equation Elements

The state transformation equation is used in its inverted form
in order to keep all St+1 terms on one side of the equation:

Rt = St − St+1 + Ii t − Et × [At (Si ) + At+1(Si+1)]/2
(4)

where Et is the evaporation rate during period t (mm/month).
Within the optimization routine, spill is not considered in

a separate term in (Eq. 4) because it is accounted for within
the release term Rt . Any uncontrolled release beyond the
monthly demand or turbine capacity is taken as spill. Seepage
is considered negligible because grouting and treatment of
the reservoir at time of construction minimized the amount
of water lost to infiltration.

The minimum allowable storage St,min in the model con-
straintswas set at the value of the dead storage in the reservoir
(50MCM), left for sedimentation, and water supply aug-
mentation in extremely dry years. The maximum storage S
was considered as the maximum capacity of the reservoir
(222MCM). For release constraints, the minimum bounds
on the monthly releases Rt,min were set to be equal to the
least nonzero release increment that was chosen for DP cal-
culations (2MCM). If any of the monthly demands of either
domestic or irrigation water were less than that increment,
then the minimum release in the simulation of the generated
policies was considered equal to that value. The maximum
monthly release Rt,max was set equal to the maximum inflow
(150MCM) as determined from the discrete inflow classes
in order to minimize uncontrolled spill.

The monthly random inflow Qt is subdivided into I dis-
crete possible inflow classes (i = 1, 2, . . . , I ). The number
of classes I and the width of each class i depend on the

inflow ranges and their distribution. Transitional probability
distributions of inflows are generated from historical inflow
records fromwhich the inflow classes are derived. The inflow
sequence is assumed to follow a first-order Markov chain,
and one-step transitional probabilities are generated for all
inflow classes. The transitional probability is the probabil-
ity that the inflow process will make transition from state
i to state j in one time step independent of t and defined
by: P[Xt = a j/Xt−1 = ai ] = Pi j . If the inflow process
is divided into I states or classes, the transitional probabil-
ity matrix is an I × I matrix. At each time step, the inflow
must either remain in state i or proceed to one of the other
I − 1 states. The conditional expectation operator of Eq. (3)
is the summation of conditional probabilities of the different
inflow classes. The elements of this matrix are calculated by
the following procedure:

The transition probability matrix P is estimated from
observed data by finding the number of times the observed
inflow went from state i to state j, ni j . Then Pi j is:

Pi j = ni j/
I∑

j=1

ni j (5)

where

I∑
j=1

Pi j = 1 for i = 1, . . . , I (6)

The conditional probability that represents themonthly inflow
transition from state to state is a n × n matrix, calculated for
each month using the lag-one Markov model.

The number and ranges of monthly inflow classes were
chosen based on the full range of the historical sequence of
inflows, their mean μ, and their standard deviation σ . The
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inflows were divided into four discrete values based on the
average monthly inflow and the standard deviation (<μ −
0.5σ , between μ − 0.5σ and μ, between μ and μ + 0.5σ ,
and >μ + 0.5σ ) which differed from month to month.

3.4.3 Optimization Scenarios

In order to optimize the current operation of the reservoir, the
first scenario aims atmaximizing hydropower production as a
single purpose for the reservoir. The return function of (Eq. 3)
represents the hydropower production from the reservoir:

Bt = Hpt (7)

where Hpt is the hydropower produced in MkWh time stage
t and it is calculated by the following equation:

Hpt = Teff × PWRRELt

{
(Ht + Ht+1)

2
− f1t

}

×Top × K × γ (8)

where Teff , turbine efficiency (fraction); PWRREL, the min-
imum value between the release at time t and the max-
imum turbine capacity (Turmax); Ht , head on turbine at
the beginning of time stage t (m) calculated in relation to
the storage from Eq. (1); Top, operating hours of the tur-
bine/month=600h; γ specific weight for water=9.81KN/

m3; K , a constant including conversion units; f1t , the friction
loss during the time stage calculated by the Hazen-Williams
equation

f1t = L × 1.212 × 1010
(
PWRRELt × 1000

C

)1.852

×(D)−4.87 (9)

where PWRRELt , is the turbine release in m3/s; C , pipe
material coefficient (100 for concrete); D, Markaba tunnel
diameter in mm (3100mm); L , Markaba tunnel length in m
(6400m).

The second scenario is used to test the ability of the reser-
voir to meet the water demands if hydropower is no longer
produced. It aims at minimizing the shortage of water supply
for irrigation and domestic uses. The return function, in this
case, is equal to the amount of shortage in water supply for
the two major command areas of the reservoir.

Bt = Shortt (10)

where Shortt is the monthly shortage that is calculated as per
Eq. (11)

Shortt =
{
0 If Rt ≥ WDt

WDt − Rt If Rt < WDt
(11)

where WDt is the water demand (irrigation and domestic) in
period t .

Multiple objective optimizations were performed in order
to optimize themulti-purpose operation of theQar’awn reser-
voir that is planned to take place when all the Litani Project
phases are implemented. The operational policy in this case
aims at satisfying domestic water supply, minimizing short-
age in irrigation supply and domestic uses, and maximizing
hydropower production from the reservoir. Two major sce-
narios are presented.

Scenario 3 was included in the analysis in order to test
the feasibility of redirecting water to join the main river
stream to be used for irrigation after using it to produce
hydropower. This was done by assuming that water released
for hydropower production (PWRREL) is used for water
supply as well. The objective functions were calculated as
follows:

{
ft1 = Shortt
ft2 = Hpt

(12)

whereHpt and Shortt are calculated by Eqs. 8 and 11, respec-
tively.

The normalized value for both objectives was calculated
as follows:

{
Gt1 = (1 − ft1/Shmax)
Gt2 = ( ft2/Pwrmax)

(13)

where Pwrmax is the maximum hydropower that can be pro-
duced in one month and Shmax is the maximum possible
water shortage in any month. The return function was calcu-
lated as

Bt = Gt1 + Gt2 (14)

In the scenario 4, priority in optimization was given to meet
irrigation and domestic water demand. Hydropower produc-
tion was allowed only when there was no shortage in water
supply for both purposes. In this case the two objectives could
take nonzero values mutually exclusively, ft1 and ft2 are cal-
culated as per Eq. 12, but themonthly release for hydropower
production is:

PWRREL = MIN(Rt − WDt ,Turmax) for Rt ≥ WDt

(15)

The normalized value for both objectives and the return func-
tion was calculated for scenario 3.
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3.4.4 Program Input Data

The generalized dynamic programming software CSUDP
[18] was used to solve different scenarios of the stochastic
dynamic programming model developed in this work.

In all scenarios, the developed problem was one-dimen-
sional (one state variable was involved), and it was solved
along twelve stages (monthly time step). Stationary stochas-
tic policies were sought, and additive objective functions
were chosen for all scenarios.

Separate runs of CSUDP were performed to solve all the
scenarios of the problem.Output of the run included afile giv-
ing the optimal end-of-month storage S∗

i+1 for each discrete
value of beginning storage St . It also yielded the additive
optimal objective function value for each state increment.
This information was used to develop the monthly operating
rules using regression analysis.

3.5 Generation and Simulation of Operating Policies

Monthly operating rules were generated from different opti-
mization scenarios that give the end-of-month best storage
as a linear function of the beginning-of-month storage. An
optimal end-of-period storage S∗

t+1 was given as a function of
initial storage St for each inflow class. These rules were sim-
ulated to test their performance using 30 years of historical
data.

A simulation model was formulated based upon the state
transformation equation.When the current operational policy
of the Qar’awn reservoir was simulated, the end-of-month
storage is given by the volume balance equation that defines
the state of the system at each time step of the simulation
horizon:

St+1 = St + It − Rt − Lt − SPt (16)

Subject to the following constraints:

{
Smin ≤ St ≤ Smax

Rmin ≤ Rt ≤ Rmax
(17)

where Lt represents the reservoir losses during the current
time stage (mainly evaporation and seepage). Spt is the spill
(uncontrolled output) during time stage t :

Spt =
⎧⎨
⎩
0 if St + It − Rt − Lt ≤ Smax

St + It
−Rt − Lt − Smax if St + It − Rt − Lt ≥ Smax

(18)

At each time step t a decision is taken on the release Rt

based on the simulated operational policy, and the end-of-
stage St+1 is calculated by (Eq. 17). The calculated value of

St+1 represents the start-of-month storage in the next time
step calculations. If this calculated St+1 is greater than Smax,
the difference is considered as spill and the next month stor-
age is set at Smax. In cases where calculated St+1 is less than
the minimum allowable storage Smin, the next month stor-
age is set at the minimum storage and the release is adjusted
accordingly. In both cases, the event is recorded as a fail-
ure. The number of times this happens during the simulation
period reflects the failure percentage, which is an indicator
of the system reliability. Another reliability indicator is the
ability of the system to satisfy the water demand. Failing to
do so within the defined constraints is also counted as a sys-
tem failure. The magnitude and time distribution of failures
is used to evaluate the efficiency of the simulated operating
policy. The tested operating policy is usually assessed based
on its ability to satisfy the system requirements without vio-
lating any of the system constraints.

When the generated policies were simulated, the end-of-
month storage St+1 was obtained from the operation rules and
the inverted form of the state equation was used to calculate
the monthly release Rt .

Rt = St − St+1 + It − Evt − Spt (19)

where Evt is the evaporated volume in month t (neglecting
seepage).

Evaluation of the currently existing operational policy
was based upon the spill failures, the violation of the min-
imum storage bound failures, and the annual and monthly
hydropower produced. At each stage t , the end-of-month
storage St+1 was calculated using real values of historical
releases.When this calculated St+1 was greater than Smax, St
of the next month was set equal to Smax and a spill failure
Fsp = 1 was counted. Failure for minimum storage violation
was counted also as Fsmin = 1 when the calculated St+1 was
less than Smin.

The percentage of spill failure was determined as follows:

%Fsp = 100 ×
∑

Fsp/n (20)

The percentage of minimum storage violation failure was
calculated as:

%Fmin = 100 ×
∑

Fmin/n (21)

where n= the total number of stages t along the simulation
horizon.

The total failure percentage was then calculated as:

%FT = %Fmin + %Fsp (22)

The linear operational policies were integrated in the simu-
lation model to determine the optimal target St+1. The state

123



Arab J Sci Eng (2016) 41:4911–4926 4919

transformation (Eq. 20) was used in the simulation. How-
ever, some modifications regarding the determination of the
end-of-month storage were needed. The state equation was
used in the inverted form, and St+1 was given by the oper-
ational policy for given values of St and It+1. The needed
operational policy was selected based upon the inflow class
of the preceding time stage:
If It−1 � class n, then use OPtn to determine St+1

where OPt is the operational policy derived from the opti-
mization procedure.

The determined St+1 was used to calculate an initial value
of the release:

Rtcalc = St − St+1 + It − Ei (St , St+1) (23)

If Rtcalc < Rmin or Rtcalc > Rmax then Rt was set at Rt =
Rmin or Rt = Rmax, respectively, and St+1 was adjusted
accordingly. The adjusted St+1 was then tested against the
upper and lower bounds of storage: if adjusted St+1 > Smax,
then St+1 was set at Smax. The spill Spt in the current time
stage was calculated as: Spt = St+1 − Smax and the spill
failure was counted as Fsp = 1. If the calculated St+1 <

Smin, then minimum storage violation failure was counted as
Fmins = 1, otherwise Fmins = 0. The adjusted St+1 was used
to serve as St for the next stage, and the operational policy
of the next month was chosen accordingly. The shortage in
water supply failure was also computed similarly to the min-
imum storage violation failure. The amount of shortage was
also calculated. The release Rt was used to calculate Hpt ,
and the shortage in water supply as in the DP procedure.

3.6 Sensitivity Analysis on the Number of Inflow Classes

The selection of inflow classes is a critical issue in the opti-
mization model. Inflow classes are used to generate the lag-
one Markov chain probability matrices. The number of the
inflow classes for the month defines the size of the probabil-
ity matrix. If the number of inflow classes is n, then the size
of the matrix is n × n. This discretization of inflow classes
also affects the values of the probabilities and increases the
number of the operational policies exponentially. To test the
effect of inflow class number selection, different procedures
were used to build these classes. Statistical parameters, such
as mean, standard deviation, minimum, maximum, and per-
centiles, can be integrated. The use of four discrete values
is commonly used, which reflect the classification into low,
medium low,medium high, and high inflows. In this analysis,
we conduct sensitivity analysis on the inflow classed by clas-
sifying the historical inflows into equal intervals of length�,
where � is the ratio of the difference between minimum and
maximum values in the historical sequence over the number
of classes chosen. The analysis was performed over 9 dif-
ferent numbers of classes (2–10). Considering the multiple

Fig. 3 Theoperating rules ofMaywithin scenario 4—all inflowclasses

objective optimization of scenario 4, the operation policies
were generated for each of the nine cases and simulated using
30years of historical data. Results of analysis are presented
below.

4 Results and Discussion

4.1 Operating Rules

Monthly optimal operating rules with the corresponding
regression coefficients for all scenarios were derived. The
rules give the optimal end-of-month storage for each inflow
class as a linear function of the starting storage.

Typical linear operating rules are presented inFig. 3,which
show the curves of theoperating rule ofMay-all inflowclasses
within scenario 4.

4.2 Simulation Results

All scenarios were tested by simulating their correspond-
ing operational policies on a monthly scale based on the
synthetically generated data. All values given are average
values of this period. Table 2 shows the average monthly
hydropower (MkWh) produced in scenario 1. This scenario
was tested for hydropower production level as well as associ-
ated spill magnitude and distribution in order to be compared
with the current operation of the reservoir. Results of sce-
nario 2 are shown in Table 3. This scenario was tested for
water demand satisfaction, shortage, and spill, because the
scenario is used to test the ability of the reservoir to meet
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Table 2 Results of scenario 1

Month Hydropower (MkWh) Spill (MCM)

January 6.73 0

February 11.58 0.5

March 13.12 0.4

April 11.81 1.6

May 9.8 1.7

June 10.24 0

July 10.18 0

August 9.65 0

September 9.13 0

October 9.34 0

November 10.38 0

December 8.8 0

Total 120.72 4.2

Table 3 Simulation results for scenario 2

Month Water shortage
(MCM)

% demand
satisfaction

Spill (MCM)

January 0 100 1.6

February 0 100 1

March 0 100 1.6

April 0.78 92 3.5

May 2.07 89 2

June 1.25 92 0.9

July 1.34 94 0

August 2.66 91 0

September 1.89 93 0

October 0.77 92 0

November 0 100 0

December 0 100 0

Total 10.75 10.6

the water demands if no hydropower was produced. No sim-
ulation for hydropower was performed. Table 4 shows the
simulation results of scenario 3. This scenario was simulated
twice. The first simulation (type I) was based on assuming
that water released through the turbines for hydropower pro-
duction would be diverted later to be used for irrigation. In
the second simulation (type II), it was assumed that water
released for hydropower production could not be used for
irrigation any more. Priority was given for irrigation and
domestic uses by allowing hydropower production only after
all the water demand were met. The scenario was tested for
hydropower production for demand satisfaction percentage,
water shortage amount, and spill. Table 5 shows the simula-
tion results of scenario 4. The priority in this scenario was
given for meeting water demands, and hydropower produc-
tion is allowed onlywhen there is no shortage inwater supply.

Table 4 Simulation results for scenario 3

Month Hp
(MkWh)
type I

Hp
(MkWh)
type II

% demand
satisfaction

Water
shortage
(MCM)

Spill
(MCM)

January 8.02 7.6 100 0 0.2

February 12.3 11.9 100 0 0.9

March 13.45 13.19 100 0 0.4

April 12.2 9.61 91 0.87 2.3

May 10.26 4.09 85 2.93 1.2

June 8.27 2.04 91 1.45 0

July 10.43 1.56 92 1.89 0

August 10.9 0.83 88 3.31 0

September 10.92 1.17 93 1.9 0

October 6.85 3.21 94 0.61 0

November 6.85 6.3 100 0 0

December 8.95 8.46 100 0 0

Total 119.43 69.96 12.95 4.94

Table 5 Simulation results for scenario 4

Month Hp
(MkWh)

% demand
satisfaction

Water
shortage
(MCM)

Spill
(MCM)

January 6.67 100 0 0

February 11.21 100 0 0.2

March 12.97 100 0 0.4

April 9.38 93 0.66 2.1

May 4.82 88 2.39 0.8

June 2.76 86 2.32 0

July 4.23 95 1.24 0

August 2.43 92 2.19 0

September 1.77 94 1.57 0

October 1.86 91 0.87 0

November 5.26 100 0 0

December 7.41 100 0 0

Total 70.75 11.25 3.43

The scenario was tested for hydropower production, percent-
age of demand satisfaction, amount of water shortage, and
amount of spill. The general performance of scenario 4 was
compared to that of scenario 3 (type II) where priority was
given also for irrigation.

Since no water for irrigation or domestic uses is currently
supplied by the Qar’awn reservoir, the current operating pol-
icy was simulated for hydropower production and associated
spill only. Table 6 shows the simulation results.

The current reservoir operational policies, as well as all of
the optimization scenarios, are compared for their average
annual hydropower production, water supply satisfaction,
water shortage magnitude and distribution, spill failures, and
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Table 6 Simulation results for current policy

Month Hp (MkWh) Spill (MCM)

January 7.1 6.9

February 5.31 12

March 6.16 18

April 7.4 19.9

May 8.83 11.1

June 9.79 2.3

July 11.75 0.5

August 11.67 0

September 10.42 0

October 10.1 0

November 8.86 3.1

December 7.92 5

Total 105.31 78.8

minimum storage failures. The results are shown in Tables 7
and 8.

Average annual hydropower production of scenarios l,
3 type I, and the current policy is compared to each other
because the full capacity of the reservoir is used for hydro-
power production in the three scenarios. Results are shown
in Fig. 4. The average annual hydropower produced over
43years of Qar’awn reservoir operation has been 105.3
MkWh/year. Scenario 1 operating policy yielded 120.7
MkWh/year, and scenario 3 type I yielded 119.4MkWh/year.
This is equivalent to an increase of about 15%. hydropower
production of the current policy fluctuates severely between
summer andwinter. Its highest level is in July (11.75MkWh),
and its lowest level is in February (5.31MkWh). The pro-
duction is inversely related to the monthly inflow into the
reservoir. It appears that, when simulating the current pol-
icy, release for hydropower production is independent of the
preceding month inflow, the current month inflow, and the

currentmonth storage unless it is completely dry,which never
happened in the life time of the reservoir. The release depends
only on the demand of EDL. On the contrary, the scenario 1
policy tends to have amore stable pattern of hydropower pro-
duction. Theproduction is lowest in January (6.73MkWh). In
other months, hydropower production ranges from 8.8 up to
13.12MkWh. Scenario 3 (type I) yields similar hydropower
generation pattern to scenario 1. The monthly distribution is
a little bit different: the power production decreases in fall
months (October and November), but remains almost con-
stant throughout other months.

As previously mentioned, in scenarios 3 type II and 4, first
priority is given to water supply for irrigation and domestic
uses, and no hydropower production is allowed unless all the
water demand is met. It is shown in Fig. 4 that the scenarios
yield nearly the same annual average of 69.97MKWh/year
in scenario 3 type II and 70.30MKWh/year in scenario 4.
Monthly hydropower production in these scenarios varied
predictably with the monthly inflow: lowest in summer and
highest in winter and spring. Scenario 4 has a more stable
production than scenario 3 type II. This is because the simu-
lation model is based on the same assumption as that of the
optimization model, and the scenario is a better representa-
tion of the true system configuration.

The comparison of water demand satisfaction is applica-
ble only for scenarios 2, 3, and 4. Water demand satisfaction
levels of the three scenarios are shown in Fig. 5. All sce-
narios have very close demand satisfaction levels (91–92%).
Demand satisfaction is not affected by hydropower produc-
tion, since the priority is given for the former. Scenario 2 had
the most stable distribution of demand satisfaction: lowest
in May (89%) and highest (among shortage months) in July
(94%). This is due to the single-purpose operation of the
reservoir in this scenario, which is to minimize the shortage
inwater demand. Comparing the policies for amount and dis-
tribution of shortages (Fig. 6), the three scenarios exhibited

Table 7 Average annual
failures for all policies

Current Scenario 1 Scenario 2 Scenario 3 Scenario 4

Spill failure % 9 4 9.4 4.6 3

Min storage failure % 18 2.2 0 0.1 1.1

Total failure % 27 6.2 9.4 4.7 4.4

Table 8 Summary of hydropower production, shortage, spill, and demand satisfaction for all policies

Current Scenario 1 Scenario 2 Scenario 3 (type I) Scenario 3 (type II) Scenario 4

Total hydropower (MkWh) 105.3 120.7 NA 119.43 69.96 70.75

Water shortage (MCM) NA NA 10.75 12.95 12.95 11.25

Demand satisfaction % NA NA 92 91 91 92

Spill MCM 78.8 4.2 10.6 4.94 4.94 3.43

NA not applicable
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Fig. 4 The average monthly hydropower production for current policy, scenarios l, 2, 3, and 4

Fig. 5 Water demand satisfaction levels of scenarios 2, 3, and 4

shortages over the irrigation season (April–October). The
total annual average shortage of scenario 2 (10MCM) is the
lowest, and that of scenario 3 (12.9MCM) is the highest, with
an intermediate value for scenario 4. However, as mentioned
earlier, the difference is still considered negligible.

Spill failure events and magnitudes of all policies are
shown in Fig. 7. The current operational policy suffers from

a large spill failure (9%). This is due to the fact that water
in winter and spring months is kept in the reservoir and not
used for hydropower production. Spill events are relatively
frequently encountered in scenario 2 as well, with the differ-
ence that the latter’s single objective is to meet the irrigation
demand. Consequently, the operating policy of scenario 2
tends to keep water in the reservoir during winter months
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Fig. 6 The average monthly water demand shortage for scenarios 2, 3 and 4

Fig. 7 Spill failure events and magnitudes of all policies

in order to save this water for the summer where irrigation
demand is at its peak. This results in a relatively larger num-
ber of spill failure events than other scenarios. Scenario 1 is
compared to the current policy because they have the same
objective. Scenario 1 compares better than the current policy
concerning number of spill events as well as spill magni-
tudes (current policy annual spill is 78.8MCM). Distribution

of spill is also worst in the current policy where spill occurs
from November till July continuously. In scenarios 1 and 4
spills occur from February till May, while in scenario 3 spill
is encountered from January till May. Comparing scenarios
3 and 4, minimum spill is encountered in the latter where
water is allocated more efficiently.
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With respect to theminimumstorage failures, all optimiza-
tion scenarios had a negligible failure (≤2.2%). However, in
the current policy, the reservoir operators do not seem to
recognize the dead storage level in the reservoir. Historical
monthly releases consistently violate theminimumdead stor-
age requirement of 50MCM. Scenario 2 has zero minimum
storage failures, which shows that the satisfaction of water
demand was not achieved on the burden of violating the min-
imum allowable storage constraint. Scenarios 3 and 4 also
show very little failures of the kind. Scenario 1 was devel-
oped to optimize the current operation of the reservoir with
no demand for irrigation and domestic water supply. In this
scenario, hydropower production is maximized on amonthly
basis throughout the year. This can be useful for EDL tomake
use of whatever power supplied by the Qar’awn hydropower
system and then complement energy needs of the served area
fromother thermal sources. Scenario 2was developed to opti-
mize the operation in case the Qar’awn reservoir would be
only used for irrigation and domestic purposes in the future.
The reservoir would be able to supply water efficiently for
South Lebanon and South Beqaa command areas. Scenario
3 was developed for multiple objective optimization of the
future operation of the reservoir, when all the phases of the
Litani Project are completed. The policies of this scenario can
be implemented whether the released water from Markaba
power plant will join the main stream again to be collected
and used for irrigation and domestic water supply, or will

be diverted to Awali and Joun power plants to augment the
hydropower produced from these plants. Scenario 4 can be
implemented formultiple objective optimization of the reser-
voir operation for hydropower production (from the three
power plants) and water supply, with priority always given
to the latter. Only excess water (after meeting irrigation and
domestic water demand) will be used to produce hydropower
from theMarkaba power plant and then diverted to Awali and
Joun power plants. Different possibilities are given in scenar-
ios 3 and 4 only to test the feasibility of these possibilities.
However, the selection of the “best” possibility and the most
efficient one to be used for the Litani Project in the future is
beyond the scope of this work.

4.3 Sensitivity Analysis Results

Figure 8 shows the sensitivity analysis results (effect of num-
ber of inflow classes on optimization and simulation perfor-
mance). Table 9 shows the annual average of hydropower,
shortage, spill, failures, and the return function. Student’s t
test was used at p < 0.05 to analyze the statistical difference
between different inflow classes. The return function B_t
represents the objective function as a result of the optimiza-
tion. In general, the value of the objective function decreases
linearly with increasing the number of classes. The pro-
duced hydropower slightly fluctuated around an average of
70MkWh. The variation of number of classes did not affect

Fig. 8 Effect of number of inflow classes on optimization and simulation performance
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Table 9 Variation of hydropower production, shortage, demand satisfaction spill, and failures for all inflow classes for scenario 4 (means connected
by letter down the column are significantly different at p < 0.05)

Number
of classes

Hp (MkWh) Water
shortage
(MCM)

% demand
satisfaction

Spill
(MCM)

Spill
failure %

Min
storage
Failure %

Total
failure %

Return
function
B_t

2 70.1a 6.0b 96a 0.00a 0.0b 14.5a 14.5a 1.217a

3 69.3a 5.0b 97a 2.86a 1.7ab 1.7bc 3.4bc 1.221a

4 69.0a 6.8ab 95ab 1.95a 1.4ab 0.6c 2.0c 1.207a

5 70.4a 7.4ab 95ab 3.03a 2.5a 3.7b 6.2b 1.208a

6 69.5a 8.6ab 94ab 2.07a 1.6ab 0.6c 2.2c 1.196a

7 70.3a 8.6ab 94ab 1.85a 1.6ab 0.6c 2.2c 1.199a

8 70.1a 9.0ab 94ab 1.75a 1.4ab 0.6c 2.0c 1.195a

9 70.3a 10.2ab 93ab 2.37a 1.9ab 0.4c 2.3c 1.188a

10 70.4a 12.0a 92b 3.13a 2.3a 0.6c 2.9bc 1.175a

the hydropower production. This is attributed to the fact the
priority in the simulated scenario is to satisfy water demand
prior to generating hydropower. Thewater shortage increased
when the number of classes increased. Using only two inflow
classes resulted in no spill during the simulation. However,
it resulted in the highest minimum storage failure (14.5%).
The optimal value of the objective function was obtained
when three classes were used. Total failure was also lowest
when using four classes. It appears that using the three or
four classes gives optimal simulation results in when SDP is
used for policy generation.

5 Conclusions

A stochastic dynamic programming model was developed
and applied for determining the short-term and the long-
term optimal operation of the Qar’awn reservoir in South
Beqaa, Lebanon. Different cases were tested and optimized
within this model to secure optimality for all possible sce-
narios of the reservoir system operation within the Litani
Project in general. Simulation of the current policy as well
as the developed optimization scenarios demonstrated that
the Qar’awn reservoir could be used efficiently to supply
water for domestic, irrigation, and hydropower purposes. The
following conclusions can be learned from this study: the
current operational policy of the Qar’awn reservoir is sub-
optimal, unstable, and suffers from a severe system failure.
As a short-term policy, and until the Litani Authority com-
pletes the implementation of all the components of the Litani
Project, operating rules of scenario 1 are recommended to be
fully incorporated in the operation of the reservoir. Coordi-
nation with EDL is needed to make use of the hydropower
produced from the reservoir and decrease the reliance on ther-
mal power production accordingly. For the long-term policy,
one of several possible scenarios can be applied depending

on final shape and configuration that the Litani Project will
take when it is completely implemented. The reservoir can
be used as a single- or multi-purpose facility, with or with-
out priority for irrigation use. Further studies on the whole
Litani system are recommended to optimize the operation of
all the components of the Litani Project including all irriga-
tion command areas, power plants as well as dams that are
currently under study (Khardale and Bisri). The operation
of the system should be simulated and optimized in order to
select the best scenario for water allocation and use within
the Litani Project.
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